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Environmental and economic issues are the highlights of any new product or system 
created today. The efficient use of energy helps satisfy both of these concerns as a reduction 
in energy consumption contributes to a reduction both in fuel consumption and carbon 
emissions. Illumination efficiency has been one of the main areas of research as luminaires 
are one of the largest consumers of electricity in the world. The incandescent bulb is one 
of the oldest pieces of technology still used today, but is being phased out as compact 
fluorescent lamps and LED light sources have a much lower power consumption for the 
same amount of light emission. However, the light source design, while very important, is 
not the only way to improve the efficiency of an illumination system. This thesis proposes 
a new concept, the recycling of light (ROL). The ROL system collects, transports, and 
emits unused light from one area to another through the use of optical fibers. To find an 
optimal ROL system, many variables need to be accounted for. This thesis covers the effect 
of different luminaires on light collection areas. The collection area for the ROL system 
needs to be placed in the areas of a room that are of little or no importance, but still receive 
light, such as the ceiling or the upper section of the walls. The fiber-to-source distance and 
offset effects on fiber emission are investigated, as well as the length and type of the optical 
fibers. Additionally, this thesis looks at the possibility of beveling optical fiber ends to be 
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Chapter - 1  
Introduction 
 
Developed countries undoubtedly have a higher standard of living compared to 
undeveloped countries. Many goods and services that improve an individual’s quality of 
life can be directly linked to their energy consumption, in the form of electricity. In order 
for developing nations to help improve the quality of life of their citizens a connection to 
the country’s power grid is needed, but as more and more people connect to the power grid, 
the demand for energy increases. One way to address the increase of energy consumption 
is to build more coal, wind, or solar plants. However, the building of any power plant has 
some type of negative environmental impact and therefore this should not be considered as 
a long term solution. A more practical solution is developing improvements in efficiency. 
There are two types of energy when considering efficiency: primary and secondary. 
Primary energy is energy that directly comes from a fuel source such as wood, 
hydroelectric, coal, oil, gas, nuclear, solar, wind, etc. Primary energy is converted to 
secondary energy such as with a converter, which is used to produce electricity [1]. Each 
form of energy has its own benefits and problems. As energy consumption continues to 
grow there is an environmental impact to consider due to the continual use of resources 
[2]. Carbon emissions have skyrocketed since pre-industrial times and are linked, in many 
studies, to being one of the main causes of climate change throughout the world. The 
increase in energy consumption also causes concern as the resources needed to create 
energy are running scarce; the global oil crisis in the 1970’s highlights this point. The 
average increase of energy consumption in the world is currently about three percent per 
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year, most of which is produced by fossil fuels [3], although this rate is slowly declining 
to less than 1 percent in developed countries [4]. Part of the reason for the decrease in the 
rate of energy consumption in developed countries is that most of their occupants are 
already connected to the power grid and their energy needs change very little. The increase 
in the efficiency of common power consuming appliances has also had an effect on 
reducing the energy consumption rate. The increases in efficiency are not limited to just 
the consuming devices, energy producers have also seen increases in their output compared 
to the amount of fuel they use. Their efficiency can be improved further though, as some 
plants are only turned on during peak hours of energy consumption so that they can meet 
energy demands [3]. Many of these energy sources require storage systems, which are quite 
expensive and complicated, in order to work when the source of the energy is not available. 
Additionally, by having these plants idling during off hours there is an increase in the 
energy production cost. 
Renewable resources are considered to be any type of resource that is replenished 
over time. The most commonly used renewable energy source is sunlight. Photovoltaic 
cells produce electricity by absorbing sunlight, which excites electrons into the conduction 
band. Once in the conduction band, the electrons are free to move and produce electric 
current. The efficiencies of the photovoltaic cells are usually low and are highly dependent 
on the amount of sunlight they receive. The sun causes other forms of renewable energy 
such as wind and some forms of thermal. Wind is caused when air is heated by the sun; the 
hotter air rises while the cooler air falls, which produces an air current. Thermal energy 
from the sun has also been used to provide power. By focusing sunlight onto a point, fluid 
can be heated to drive a power conversion system [5].   
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Nuclear power plants can supply a vast amount of energy into a power system. 
However, the public fear of problems associated with this type of power has severely 
limited its potential as a power source, particularly after the Three Mile Island and the more 
recent Fukushima incident. Certain developed nations still use nuclear technology today, 
especially in Europe. The United States is the leading producer of nuclear energy, 
producing 31.8% of the world’s nuclear electricity, France is second at 17.1% [6]. 
Oil and coal are one of most widely used energy sources and the world is still 
largely dependent upon both of them, providing 31.5% and 28.8% of the world’s power, 
respectfully. Other energy sources are natural gas - 21.3%, biofuels and waste - 10%, 
Nuclear - 5.1%, hydro - 2.3%, while only 1% of the world energy supply is created from 
the combined forms of geothermal, solar, wind, and other forms of energy [6]. 
 
1.1 Efficiency 
Household appliances have become more efficient over the years to lessen their 
energy consumption. The incandescent bulb, for example, has had its luminous yield 
increased by two orders of magnitude in the last hundred years while seeing a reduction in 
its power requirement [3]. Governments have created long term energy plans to increase 
the efficiency of common household appliances that consume large amounts of energy. 
The UK recently enacted a law to reduce carbon emissions to 80% of the year 1990, by the 
year 2050. Due to this law, many of the most energy consuming devices in households 
have had their efficiency greatly increased.  
A new classification of building has been starting to develop – the Zero Net Energy 
(ZNE) building. ZNE buildings are defined as buildings that have reduced energy needs 
4 
 
due to renewable technologies used in their design [7]. A more precise definition states that 
the buildings have up to 60-70% efficiency gains compared to their counterparts [8]. ZNE 
buildings can actually produce more energy than they use, adding power to the grid. 
Federally supported initiatives in the United States were initiated to help those who develop 
and use the technology [4]. The state of California is attempting to have all new buildings, 
by the year 2030, to be ZNE buildings [8]. By continuing to increase the efficiency of 
household appliances, ZNE buildings are easier to achieve.  
 
1.2 Recycling of Light  
 
Figure 1.1: Lighting Fixtures and Placement around the UNR Campus a.) a lighting fixture next to a wall, 
this causes the wall to be illuminated unnecessarily. B.) Lighting in an auditorium causing a large amount 
of light to be emitted upward. 
 
1.2.1 Overview 
A new concept, Recycling of Light (ROL) - originated by Dr. Banmali Rawat, is 
being researched for this thesis. To the best of our knowledge, there has been no published 
research on this concept. The purpose of ROL is to reduce the energy consumption of 
existing illumination systems. By analyzing various illumination designs, a high efficiency 
of ROL can be achieved. The ROL concept is based on the assumption that most general 
lighting in a room illuminates certain areas excessively or unnecessarily. An example of 
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this is shown in Figure 1.1a; when the light source is turned on, light illuminates the wall 
a short distance away. For most cases, illuminating the wall heavily is not desired but a 
side effect due to the emission profile of the light source. Figure 1.1b shows an auditorium 
where much of the light is illuminating the ceiling. As the ceiling is white, it is reflecting 
much of the light back downwards -which is part of the design, however under certain 
conditions it could be more efficient to at least partially collect that light and redistribute it 
elsewhere through the use of the ROL method.  
 When considering lighting design, an area needs to not only be illuminated, but 
done so efficiently so that there is as little waste of light as possible. The ROL concept uses 
large solid core optical fiber to collect, transport, and emit unused light. Optical fibers are 
placed where they optimally collect unused illumination. After collection, the light is 
rerouted into an area that would benefit from the extra illumination. By rerouting unused 
and/or unnecessary light, an energy savings can be realized by either a reduction in the 
number of luminaires or a reduction in the power consumption of those luminaires through 
the use of dimming switches. As illumination is the means by which the efficiency of the 
ROL system is realized, a thorough understanding of it is necessary. 
1.2.2 Illumination 
The efficiency, as well as the quality, of light sources are becoming the determining 
factors in luminaire prosperity. Lighting efficiency is dependent not only on what light 
sources are being used, but also how they are used in an illumination system. With proper 
illumination design only the appropriate amount of light is illuminating each area. The 
optimal solution for illumination design is found by determining the placement of 
luminaires, and any light guiding systems, so that only the desired levels of illumination 
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occur in the desired areas. Even the most efficient of light sources may not be enough to 
offset a poorly designed lighting system. For many lighting fixtures light is wasted by 
emitting upwards where the light is unneeded, which is a cause of light pollution. The 
direction of emission, amount of light emission, number of light sources, dimming 
switches, daylighting effects, and target area of illumination should all be considered when 
designing an illumination system.  
The design of luminaires has evolved since mankind first started using fire as a light 
source. After the discovery of electricity, the incandescent bulb was invented and 
optimized for different situations we see today. Recently, the source types have evolved 
once again - this time to fluorescent bulbs and LEDs which greatly improve luminaire 
efficiency. As the incandescent bulb consumes much more energy than its counterparts, it 
is no longer a viable lighting source.  Light emitting diodes (LEDs) and Compact 
Fluorescent Lamps (CFLs) are the incandescent replacements. The only benefit an 
incandescent bulb has is its low unit price, but the unit price of the LED and CFL luminaires 
are rapidly decreasing. The use of mercury, an environmental hazard, in the CFL bulbs 
may cause it too to phase out. Many consumers are not aware of the long term savings due 
to the increased efficiency of the LED and focus on the unit price instead. The LED is 
projected to continue to penetrate the market as their efficiency increases and their unit 
price continues to go down.   
There are a few reasons that cause consumers to shy away from efficient lighting. 
One reason is that the installers of the lighting systems are sometimes not the same 
individuals who are paying for the power. This means that the product with the least 
expensive unit price might be used, but it may be the most expensive to operate. The 
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consumer must also be aware of the future savings they are getting as well, without 
successful marketing in this area inefficient sources will continue to be sold to uneducated 
consumers. In many cases the government is needed to incentivize energy efficiency or 
mandate how efficient a product must be as the producers of the products cannot always 
be trusted to do this on their own [9]. 
1.2.3 What This Thesis Covers 
 This thesis develops a proof of concept for ROL and how an optimal ROL system 
may be realized. The optimal placement of light collection systems and techniques in 
relation to the size, distance, and orientation of optical fibers in relation to various light 
sources is evaluated. The emission of the light from the fiber has been discussed to 
determine the amount of illumination that could be recycled as well as its distribution. The 
possibility for beveled fibers to be used as a focusing mechanism is also discussed. The 
illumination gathered from the ROL system can then be used to realize energy savings by 
a reduction in luminaires or power supplied to those luminaires. 
1.2.4 Thesis Organization 
 This thesis is organized into 5 parts. Chapter one has explained how energy 
efficiency is necessary in today’s world and presents an introduction into the ROL method. 
The second chapter describes illumination and how it is perceived by humans.  This chapter 
also gives background on properties of light and how it may travel through different optical 
systems. The third chapter describes the experimental and simulation setup.  Chapter four 
shows and discusses the results of each experiment. The final chapter concludes the work 
done, and discusses the possibilities for future research.  
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Chapter - 2  
Vision and Illumination Background 
 
2.1 Vision and the Electromagnetic Spectrum 
The entire electromagnetic spectrum ranges from radio waves to gamma rays. The 
spectrum of light resides within the electromagnetic spectrum and ranges from the 
ultraviolet to the infrared, but only the fraction of the spectrum that is detectable to the 
human eye is of concern for illumination purposes. Humans have evolved to see the most 
predominant form of light emitted by our sun, the visible spectrum (380nm-700nm) [10]–
[12]. Sixty-five percent of the sun’s total emission spectrum is in this range [13]. The peak 
of the sunlight spectrum is unsurprisingly in the visible range at 550nm [14], which is the 
wavelength most sensitive to the human eye [15].   
2.1.1 Photometric vs Radiometric Spectrums 
 It is essential at this point to distinguish between the radiometric and the 
photometric spectrums of light. The radiometric spectrum encompasses light’s entire 
spectrum, while photometric light covers only the range of visible spectrum [16]. The 
illumination parameters are listed in Table 1, the Table follows the naming conventions for 
radiometric units as in [1], and photometric units as in [12].  
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 The parameters of concern in the photometric spectrum are related to the flux 
emitted by luminaires. The luminous flux, measured in lumens (lm), describes the flux 
emitted from the source per unit of time, it is one of the main parameters listed by 
manufacturers to describe light output. The luminous intensity describes the luminous flux 
per unit solid angle. If the flux remains the same and the solid angle that it is emitted from 
is decreased, a greater intensity is realized. The beam angle of the source is often described 
to be the half angle at which 50% of the intensity of the source is being emitted [17] this 
can be likened to the concentration of light over an angle. The last parameter of concern 
describing the source is the luminance, which describes the flux emission from a particular 
area and is often used to describe different types of vision classifications. 
 The property of illuminance describes the surface flux density on a target area [12], 
and is ultimately the main concern for lighting systems. When considering illumination 
design it is important to note that the required illumination levels are dependent on the 
tasks that need to be performed in that area. For example, an illuminance of 5 lx is 
acceptable for street lighting but for a hospital operation room 1500 lx is desired [18]. An 
acceptable level of 200-1000 lx is usually used for home and office use [19]. For 
comparison: a full moon typically provides about 0.2 lx, however at higher altitudes it can 
be as high as 1 lx [20].  The people who are performing a task also affect the amount of 
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light is needed; a typical person in his or her 20’s can do tasks in lower level lighting than 
a person in his or her 70’s.  The 2012 emergency lighting codes, NFPA 101, have listed 
that the average initial illumination requirement is 10.8 lx and cannot be less than 1.1 lx at 
any given point at floor level for emergency lighting purposes. “Normally Unoccupied 
Building Service Equipment Support Areas” are allowed to be at a level of 2.2 lx for the 
egress path [21].  
2.1.2 Vison 
 The human eye has evolved to detect different wavelengths of light in the visible 
range. In order for it to do so, light must first be collected and transported through the eye. 
Light travels through the eye in many steps, but the eventually falls on the retina which is 
where the receptor cells, called rods and cones, are located. The fovea, containing only 
cones, collects most of the light and is where the most accurate vision occurs. Surrounding 
the fovea are rod cells which are less accurate and only differentiate between black and 
white but are more sensitive to lower light levels [22]. Each of the receptors have their own 
respective wavelength that they are the most sensitive to. Rods are most sensitive to light 
at the wavelength of 500nm, while the three cone pigments best absorb light at 420nm, 530 
nm or 560nm [23]. 
 The illumination level in the environment determines the type of vision being used. 
There are three classifications of vision that are used for different illumination levels: 
photoic, scotopic, and mesopic. When the luminance level of light is greater than 3 cd/m2 
the cones are the main cells in use and photic vision is in use. Scotopic vision occurs when 
the rod cells are the main cells that are in use in the human eye and the luminance levels 
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are less than 0.003 cd/m2. The third type of vision, mesopic vision, occurs when the 
luminance levels are between photopic and scotopic (0.003-3 cd/ m2)[24].   
 
2.2 Properties of Light and Geometrical Optics 
Geometric optics easily analyzes an illumination system. A geometrical concept of a 
ray shows how light travels from one point to another.  A ray is a straight line in the 
direction of the propagating wavefronts of light that travels from a light source to the 
illuminating area. The direction of the ray changes when it interacts with a new medium as 
it reflects and refracts. The following sections list some basic properties of light as it travels 
through illumination systems. 
2.2.1 Inverse Square Law 
 The inverse square law describes how the illuminance from a point light source is 
proportional to the inverse of the square of the distance from the light source. 
E =   
I
d2
 cos (θ)         (2.1) 
Where E is the illuminance, I is the intensity, d is the distance from the source to 
the surface, and θ is the angle from the the source to the surface. The inverse square law is 
only applicable for a point source whose emitted light is traveling in a vacuum or in air. 
When dealing with very large, or extended sources, the illumination is only dependent upon 
the viewing angle of the detector, not distance [25]. However, as the distance increases 
from any real world light source it eventually becomes a point source [26] and at that point 
this law can be applied. For most light sources, the distance at which the light source can 
be considered to be a point source is the largest dimension of the source multiplied by five 
– this is called the five times rule [27],[28]. The part of the source to measure is dependent 
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upon what source is being used, for a clear incandescent bulb the filament would be used, 
whereas with a phosphor coated bulb, the largest dimension of the glass would be used. A 
way around the limitation of the five times rule is to divide the source into smaller parts, 
assuming the intensity is the same in each part [27],[28]. The five times rule is not valid 
for highly directional sources where reflectors are built into the source device [29]. 
2.2.2 Reflection, Refraction, Absorption, and Snell’s Law 
As energy can neither be created or destroyed the total amount of light incident on 
a surface is equal to what is reflected, refracted, or absorbed by the surface. The incident, 
reflected, and refracted light all lie on the same plane, the plane of incidence. Reflections 
range between two separate categories: specular to diffuse. The type of surface that the 
light interacts with determines which type of reflection occurs. Diffuse reflections occur 
when light interacts with uneven surfaces (in comparison with the wavelength of the light); 
this causes the light to scatter in many different directions. Specular reflection occurs when 
light interacts with a highly polished surface and a sharp angle of light is reflected. Most 
reflection types fall between these two extremes. When light interacts with a medium that 
has an index of refraction (RI) lower than the one it is traveling through there is a certain 
incident angle at which the entire beam of light reflects with no refraction occurring. This 
is called Total Internal Reflection (TIR) and is a necessary requirement for propagation of 
light through optical fiber. Refracted light continues into the second medium where it 
changes direction if the incident light isn’t normal to it, this is because there are different 
group velocities of light in the two media caused by their RI differences. A material’s index 
of refraction can be changed by doping it with another material. One reason why this is 
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desirable is to make gradient index optical devices and to affect the numerical aperture of 
optical fibers.  
According to Snell’s law at the interface 
n1 sin(θ1) =  n2 sin(θ2)        (2.2) 
 Where n1 is the RI of the initial medium and n2 is the RI of the second medium. θ1 
is the incident angle, θ2 is the refracted angle,  θ1 =  θr, as shown in Figure 2.1. 
 
Figure 2.1: Snell's law - Reflection and Refraction of Light on a Surface. 
 
Fermat’s Principle helps explain the concept of refraction, it states that light travels 
from two points in the shortest optical path, this path is determined by the length and speed 
at which light travels through the media present. A practical example of this principle is 
when you look down a hot asphalt road, puddles often appear on the horizon. This illusion 
is in fact caused by light bending to travel through the hot air next to the asphalt instead of 
the cooler air above it [30]. 
 
2.3 Light Sources 
In order to obtain an efficient illumination system it is important to select the proper 
light sources. Today there are thousands of variants of light sources to choose from for 
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different purposes. Most buildings incorporate some type of daylighting system, usually in 
the form of windows, which let sunlight illuminate part of the inside of the building. Some 
artificial light sources that are used are incandescent bulbs (halogen with tungsten 
filament), gas discharge lamps (Neon, compact fluorescent bulbs (CFLs), fluorescent 
tubes, metal halide, sodium vapor), and LEDs. Many of the variants of the light sources 
mentioned here are considered to be omnidirectional lighting. Fixtures can affect the source 
properties, such as intensity levels and beam angles, an example is the use of parabolic 
mirrors to encompass a halogen lamp. The lifetime of light sources is determined by the 
reduction in the brightness in the bulb. All lights lose brightness over time, the LED loses 
~5% over 20,000 hours, the incandescent ~10-15% over a 1,000 hour lifespan, and CFLs 
lose ~20% over a 10,000 hour period [31]. Additionally, the more power that is used for a 
source, the better its output, but its life expectancy is lowered.  
2.3.1 Blackbody Radiation  
A blackbody is an object that absorbs all light incident upon it, once the blackbody 
is heated it emits light at all frequencies. It has been observed that whatever frequency an 
object absorbs, it emits that frequency when heated [15].The sun can be considered, for 
practical purposes, a blackbody. The incandescent bulb has one of the closest emission 
spectrums related to the sun, but it impossible to match the exact color mixture of sunlight 
since there are no known materials that can be heated to the temperature of the sun and 
remain solid [32]. 
2.3.2 Properties of Sources 
Light sources vary in spectrum emission, efficiency, power use, beam angle, 
coherency, and luminous efficiency. One way to measure different spectrums is through 
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the color rendering index (CRI). The International Commission on Illumination (CIE) 
designed the CRI to compare a light source’s emission spectrum to that of a natural light 
source. On the CRI scale a 100 means the light perfectly mimics a natural light source (or 
a black body). Some light sources can actually have a negative for a CRI index [9]. 
Each source varies in the power used and much of the research in the illumination 
field is done to reduce their consumption. There is often a comparison power rating listed 
on many boxes for lighting, for example CFLs and LEDs are often listed that they are 
equivalent to a 60W incandescent bulb, but they use 12W of power themselves. The ratio 
of Luminous flux to power used is described as the luminous efficacy of the bulb. 
2.3.2a Simulation Files for Sources 
The properties of light sources are needed for proper analysis of lighting systems. 
Many manufactures provide Elumdat files or IES files in which many the important 
parameters of the bulb are given. The Elumdat file type usess the European standard of 
photometric data while the IES file type uses the North American Standard. These files can 
be uploaded into the designer’s simulation program of choice such as Dialux, LightTools, 
3ds Max Design, or Zemax. Manufacturers state that omnidirectional light bulbs, which 
are sources that emit light in an almost 360 degree area, do not have these files as they were 
considered distribute light evenly in every direction. The files usually provide dimming in 
relation to luminous flux, power usage, color temperature and efficiency of lamp, shown 




Figure 2.2: Angles of light bulb for intensity measurements for C- planes 
 
Light sources do not in fact have a completely uniform emission, so to have 
accurate simulation data the intensity must be measured over different angles in relation to 
the light source. C- planes describe what 3D- orientation of the bulb is being measured, 
usually the C0-180 and C90-270 planes are included in each file. Figure 2.2 shows the 
angles of a bulb in an arbitrary C-plane. 
2.3.3 Incandescent Sources 
An incandescent light source is a thermal source, as it emits light when heat is 
created when current passes through its filament. It is designated as a general lighting 
service (GLS) bulb. The filament is usually made of tungsten and is located inside a glass 
bulb that is pressurized, usually, with halogen gas. The current causes the temperature of 
the filament to rise to a point where photons are emitted and detectable in the visible 
spectrum.  The emission spectrum of the incandescent bulb steadily rises from the lower 
end to the higher end of the visible spectrum. The color of the light can be changed by 
modifying the amount of power going to the bulb which affects the temperature and thereby 
the wavelengths of emission. Whiter light can be emitted by putting more power into the 
bulb while a lower amount of light makes the bulb glow more orange [15]. Much of the 
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European Union has already phased out GLS lamps as they are inefficient users of 
electricity and other countries are following suit. The starting dates of the phase out period 
varied from 2008 in Australia to 2012 in the United States, Canada, and Korea [33]. 
2.3.4 Fluorescent Bulbs and Tubes 
An alternative to the GLS bulb is the Compact Fluorescent Lamp (CFL). This bulb 
uses much less energy compared to the GLS bulb for the same source luminosity. The life 
expectancy of this type of source ranges from 3000-20,000 hours and the CRI of a typical 
CFL is 80-85 [33]. Fluorescence light occurs when a material absorbs light at a particular 
wavelength and emits it at another. UV light is emitted when current is applied to mercury 
gas contained in the bulb. The bulbs are coated with a white phosphor which is excited 
when it comes into contact with UV light, this causes a white light to be emitted. Unlike 
incandescent sources, fluorescent bulbs (and other gas discharge lamps) have a spectrum 
consisting of many different ‘spikes’. These spikes are usually unnoticed due to perception 
effects, but this gives the GLS bulb one advantage over the CFL. There are other problems 
associated with today’s CFLs, such as the fact that most are not dimmable or, in the cases 
in which they are, they do so with a lower performance. The CFLs also have a longer warm-
up time, meaning that they take longer to achieve their full lighting potential. Additionally, 
environmental concerns have arisen as the CFLs contain mercury [33]. A newer 
classification of a Super CFLi (i for integrated ballast) is being researched that makes the 
sources fully dimmable to 10% with no color shift, have an even higher efficacy, a 50% 
reduction in the operating temperature, and a reduction in size. A lower level of mercury 
and longer life expectancy are expected with a new coating for this type of CFL [34]. 
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2.3.5 The LED 
LEDs are semiconductor devices and classified as solid state lighting (SSL) when 
considering them as luminaires. Due to their SSL nature, LEDs have a quick start up time 
and are more durable than other light sources. The reason LEDs are gaining an advantage 
in the lighting industry today is their long lifetimes and their low power consumption. A 
law has been stated, likened to Moore’s law in the field of transistors, called Haitz’s Law. 
Haitz’s law states that each decade the cost per lumen, for any given light source, drops by 
a factor of 10, but the light produced by an LED is increased by a factor of 20 [31]. LEDs 
have advantages with their ability to dim, their long operating life, their ability to contain 
no UV or IR light in their emissions, and their ability to operate at cold temperatures (-
40°C) [33]. LEDs can also be used for a dual purpose, as they are used for illumination 
and, more recently, for visual light communications [35]–[37]. The use of LEDs with 
photovoltaics, especially for off-grid locations, is becoming increasingly popular as they 
are a cost effective solution to providing quality light [33]. Manufacturers can easily vary 
the spectrum emitted from a LED as different semiconductor materials provide different 
types of light emission.  
There are some drawbacks to the LEDs as sources. Their unit price is much higher 
than their counterparts and, if the manufacturing steps are not taken correctly, they can 
have a low CRI which may be an issue for general lighting [31]. They are also highly 
directional, which may or may not be desired in an illumination Some of the higher quality 
LEDs have had a CRI of 98 [33], [38].  Additionally, in order to operate an LED requires 
a driver which produces heat thus reducing the LED lifespan. [31]. In order to counteract 
the heat production a heat sink commonly comes with the bulb.  
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2.4  Lighting Systems 
A lighting system is highly dependent on the distribution of light in a given area, 
as the amount of illumination required is based on what tasks are being performed. In order 
to do this optimally, the lighting system must be designed with care by an illumination 
engineer. The most economical system however does not often provide the best 
environmental solution and the balance of the two should be determined before the design 
process starts. 
2.4.1 Daylighting Systems 
 Sunlight has always been used as a source for illumination and a daylighting system 
brings sunlight into a building. Conventional ways to implement such a system are through 
the use of windows and skylights. They provide both environmental and economic benefits 
as they cost no energy to maintain. In the past century, interest has grown on the topic of 
how to better bring sunlight into buildings and an increasing amount of research is being 
performed in this area. A more complex daylighting system has at least three distinct parts; 
a collector, a transporter, and an emitter. The collection section of the system gathers light 
and focuses it into the transportation section, called a light guide. The guide is made of 
highly reflective material through which the light propagates through. The light can be 
emitted either over the area of the light guide itself or at the end of the light guide. Light 
guides have been used for not only room illumination, but also for automobile dashboard 
displays or can be used to back light certain types of displays [12]. 
Light pipes transport light from one area to another through the use of reflection. 
They are often hollow reflective surfaces that are embedded in buildings and transport light 
from a source to a lighting fixture of the designers choosing. For hollow light pipes, the 
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efficiency of the system is highly dependent upon the reflectivity of the materials being 
used and the length of such a system. A typical light pipe can only transport light up to a 
few feet, and takes up a large amount of space inside a building [40].  
A daylighting system that uses fiber optic cable as the light guide has many benefits 
over other designs. Since the fiber is much smaller than a light pipe and is much more 
flexible it can be placed in many more areas, provide light at greater distances, and occupy 
less space. The fiber can be split among different rooms to illuminate them. A collection 
system is needed to focus the light into the fiber cable. The collection system is often 
coupled with a tracking device that can follow the sun throughout the day and season, 
providing access to the maximum amount of light on the collection zone. Fresnel Lenses 
are often used to focus sunlight into an individual fiber. There are some illumination 
designs that use both light pipes and fiber optic cabling. However, these designs require a 
converging lens between the light pipe and fiber [40]. These systems are more cost 
effective and still provide some of the benefits found in a fully fiber optic system. 
An obvious problem with daylighting systems is that when the collection area does 
not receive access to direct sunlight, or when sunlight is limited, another source of lighting 
is needed. This issue is often addressed by adding supplementary lighting into the system, 
which are often LEDs to maintain the system’s low economic and environmental impact. 
The lighting levels can be monitored by a photoreceptor inside the building so that an 
optimal blend of artificial and natural light will supply the desired lighting levels. The 
artificial luminaires are autonomously controlled by a dimmer and therefore a power 
savings occurs [41], [42]. A risk associated with daylighting through fiber optics is that the 
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magnification of light provides a high intensity of light traveling through them and, if not 
properly managed, can be a fire hazard if there are breaks in the fiber line. 
 
2.5 Light Collection 
 In order to be the most efficient, a system using light guides needs to have a high 
coupling efficiency. The coupling efficiency defines how well a light source couples to the 
fiber and is important as most of the losses occur when the source is coupled to the fiber 
[43]. The design of the collection system is extremely important in these cases as many 
luminaires are omni-directional they must be directed towards the fiber which compounds 
the loss.  
2.5.1 Lenses and Mirrors 
Lenses have the ability to change the direction of travel of the light going through 
them. For collection purposes, lenses need to cover a large area and focus it on a smaller 
area, called the focal point [16]. Lenses have long been used in optical fiber systems to 
focus light so that as much light as possible is coupled into the cable. As stated earlier, the 
Fresnel lens is often used to couple light into a fiber as it is much like a conventional lens, 
but less bulky. One side of the lens is separated into circular segments that each have their 
own angle allowing the focusing of light at a short precise distance and thereby eliminating 
the excess material and bulkiness that a conventional lens would need to obtain the same 
result. There has been research where the fiber ends are modified to act as lenses 
themselves; the fabrication of Fresnel lenses on the ends of optical fibers is demonstrated 
in [44]. Mirrors, such as the parabolic mirror, are also used to focus light and either 
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surround the luminaire to make it directional or are used as collection devices. Mirrors can 
affect the beam angle and intensity of sources. 
  
2.6 Optical Fibers 
Research for fiber optic cables has been mainly focused on improvements for 
communication purposes, but there has been research performed for illumination as well. 
Optical fibers are designed differently depending on their use. Communication fibers must 
transport pulses of (usually coherent) light where the pulse shape and amplitude is needed 
to remain unchanged, which is irrelevant in the case of illumination. Illuminating fibers 
also need not account for chromatic dispersion and imaging as these do not affect the light 
output negatively[45]. Analytical methods for calculating the flux through straight and bent 
fibers have been shown in [46] by the ray tracing method. However, as the authors state, 
the equations for ray tracing through the fibers are extremely complex.  
2.6.1 Benefits of Fiber Optic Cable in Communications and Illumination 
The small, lightweight, and extremely flexible optical fiber is considered to be 
vastly superior to copper cable for signal propagation. Its vast bandwidth potential, 
immunity towards crosstalk, and signal security in addition to low transmission losses 
make it ideal for data transfer [11]. When using fiber optics in illumination the same 
benefits of weight and size are realized. As with communication wire the fiber can be 
placed along with other cables, with the limitation of not being able to be as tightly bent 
since light needs to propagate through it. The lifespan of the fiber optic cable is dependent 
upon the environment and materials that the fiber is made of, but they should typically last 
as long as the building they reside in.  
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2.6.2 Optical Fiber Properties and Type 
Fiber optic cables consist of a core which is surrounded by a cladding. The core 
and cladding of each of the fibers are made of either glass or plastic. The core of the fiber 
is at a higher index of refraction than the cladding, which causes the fiber to have the TIR 
property. The cladding is thick for communication purposes to promote the loss of light 
that travels in it, which may interfere with the propagating signal. As there is no signal of 
concern in the illuminating fiber the cladding is made to be thin to encourage further light 
propagation.  
The core and cladding materials vary depending on the purpose of the fiber. Glass 
core and cladding applications usually involve long distance and high quality 
communications, while plastic cores and claddings are used for short distance 
communications and for illumination purposes. The fiber used in this thesis has a core 
made from poly methyl methacrylate (PMMA), and a cladding made of Teflon. 
2.6.2a Numerical Aperture and Acceptance Angle 
The acceptance angle of a fiber describes the angle over which light is accepted by 
the fiber end. Any angle larger than the acceptance angle causes the light to exit the fiber 
through the cladding. For bent fibers this loss is higher for more coherent beams of light 
traveling through it. The critical angle is the angle inside the fiber at which TIR occurs. 
The numerical aperture is used to describe the light acceptance for optical fibers and is 
given by  
NA = (n1
2 − n2
2)1/2        (2.4) 
where 𝑛1  and 𝑛2   describes the refractive indexes of the core and cladding [10].  
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2.6.2b Single-mode and Multi-mode Optical Fibers 
 A mode is the orientation of the electromagnetic field of light. Both single mode 
and multimode fibers are used in communications, but as different modes can interfere with 
one another and degrade a signal only a single mode propagating through a fiber is 
desirable for high speed and long distance communication systems. Multimode fibers are 
beneficial for slower transfer rates and for shorter distances as they are cheaper to 
manufacture. The multimode fiber is used for illumination as it provides the propagation 
of the most light through it and mode interference is of no concern. 
2.6.2c Gradient and Step Index Fibers 
 Fibers are fabricated to be either step-index or gradient-index. The difference 
between the two is how the boundary between the core and cladding is fabricated. The step 
index fibers have a constant refractive index in the core and cladding. The core of the 
gradient fiber has a refractive index that decreases with the distance from the center of the 
fiber. This allow the modes of light in the outer core to stay aligned with the modes of light 
in the inner core. When considering illuminating fiber the step index fibers only need to be 
considered as alignment of the modes of light are unnecessary.  
2.6.2d Side emitting and End Emitting:  
Illumination design contains another variation in the fiber that is not found in 
communications the side emitting fiber. Light in an end-emitting fiber is trapped 
throughout the fiber core and is emitted at the end, but side-emitting fibers allow light 
through their cladding throughout the entire cable. The side emission fibers are created by 
either purposefully having cracks in the fiber core over this area or cutting into the fiber 
cladding/core. Side emitting fibers can be connected to the source on one end or both ends, 
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and unless specially made, a side emitting fiber system that needs to have a uniformly 
distributed light across its length should be coupled to the light source at both ends. To 
provide additional uniformity and efficiency a reflector may be attached at the opposite 
end of a fiber optic cable to allow additional light to be retained that would otherwise be 
lost through the fiber end. To increase emission from side emitting fibers further, luminous 
molecules can be embedding into the fiber and are excited by some types of light such as 
UV which may be in the spectrum of the output of some sources [47]. 
There is a subset of side-emitting fibers, the constantly scattering optical fibers 
(CSOF) and the distributed side-scattering fibers (DSSF). In the CSOF the intensity of light 
changes throughout the fiber, decaying exponentially with the length due to having same 
scattering coefficient throughout their length. The DSSF’s scattering coefficients change 
throughout the fiber allowing for a more even distribution of light being emitted from the 
fiber. Formulas for an in-depth analysis of a side emitting fiber are given in [48]. 
2.6.2e Skew and Meridian rays 
 Light propagation through an optical fiber is dependent upon how the light initially 
strikes the fiber. If the light interacts with the fiber so that it travels down the meridian axis 
it is called a meridional ray. The meridional rays travel down the optical axis of the fiber 
which is where the light is ideally sent. However, much of the light is actually transferred 
in the form of skew rays, which follow a path around the optical fiber that are not in the 
same plane as the optical axis [10]. Many skew rays are considered to be leaky, which 
means they aren’t confined to the core and leak from the cladding. As the light propagates 
through the fiber, leaky rays add to the light loss as distance increases. The propagation of 
skew rays through fiber is determined by the geometry of the medium in which the light is 
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traveling and different shapes of light guides provide different propagation for the skew 
rays. As optical fiber is cylindrical, the light can actually be emitted outside the critical 
angle, but decays rapidly until it approaches 0 lx at 90° [49]. The number of skew rays, 
compared to meridional rays, increases as the fiber is angled away from the source. Figure 
2.3 shows how angled light incident on a fiber exits in a ring because there is no meridional 
ray propagation. This was shown experimentally with a LASER [50].  
 
Figure 2.3: Skew rays from a fiber angled from the source [50] α is the misalignment angle of the fiber to 
the source. 
 
2.6.3 Losses in fiber optic cable 
Many types of losses occur in fiber optic cables and, depending on the application, 
some losses are more dominant than others. Most losses occur during coupling or soon 
thereafter. As light incident at angles greater than the critical angle still propagates for a 
distance the coupling length is important. The coupling length is defined as the length at 
which there is no more loss due to light propagating beyond the critical angle. However, 
this does not apply for fiber cable that is not straight[46]. An additional factor in coupling 
loss is that the frontal acceptance area for light of the fiber optic cable is reduced by (cos 
θ) for light rays that are off axis. This means that the optical fiber has a reduced acceptance 
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when the light arrives at non-normal angles [49]. The fiber ends are of vital importance for 
optimal light collection and emission. Fiber ends need to be well polished and flat so that 
minimal loss occurs when the light enters into the fiber. By eliminating rough edges there 
is less area for light to reflect off into different directions and more light is coupled 
uniformly to the fiber. 
2.6.3a Attenuation 
Attenuation is the loss of power as it propagates through the fiber. This loss is typically 
expressed in dB/km but for illumination purposes it may be expressed in a percentage over 







         (2.5) 
 Where L0 and Li are the lengths final fiber and initial fiber respectfully. Pi and P0 are 
the power output of the initial fiber and the second fiber respectfully. For communication 
purposes attenuation can be measured with the Optical Time Domain Reflectometer 
(OTDR). The OTDR sends a laser beam down the fiber and measure the backscattering of 
light throughout the fiber length. The extinction coefficient may be listed as a fiber property 
and is directly related to attenuation; it is defined as the total of all the losses per unit length, 
such as absorption [46]. 
2.6.3c Rayleigh and Mie Scattering 
When light interacts with molecules or atoms it scatters. There are two types of 
scattering that predominately occur for illuminating purposes - Rayleigh and Mei. Rayleigh 
scattering occurs when wavelengths interact with molecules that have electronic 
resonances close to the frequency in which the wavelength is traveling at. When a 
wavelength interacts with such a molecule the photons scatter in all directions except the 
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direction they originated from. Mie scattering occurs when wavelengths interact with 
molecules much larger than themselves, such as sunlight interacting with clouds [30]. 
2.6.3d Reflection Losses 
Losses occur on even well-polished fiber optic lenses. Fresnel’s law states the reflection 
loss between two media, at normal incidence, given their two respective indexes of 






 Where n is equal to the ratio of the two indices [25].  
2.6.3e Bending and Alignment Losses 
 Bending in the fiber causes losses as well. Bending can be separated into two 
categories: macrobending and microbending. Macrobending occurs when the bend radius 
of the fiber is too sharp and some of the modes are expelled from the fiber. A general rule 
for a curved fiber is stated that a fiber’s bend radius must be about 100 times that of the 
radius of the fiber in order for it to be considered to be the same as a straight fiber for loss 
purposes[46]. Microbending occurs when there are small bends and bumps within the fiber 
itself, usually due to manufacturing error or if the fiber has had mechanical cause 
deformations to it. This type of loss is of concern in communications and has little effect 
for illumination. 
 Misalignment losses can occur when fibers are spliced together to extend their 
length. This is not important in illumination as fiber lengths are small and splicing is not 
required. However, it may be applicable to the misalignment of the fiber to either the source 
or the fixture where the light is ultimately emitting from. 
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2.6.4 Fiber Optics as Illuminators 
 Some fiber optic cables used in illumination are actually bundles of small diameter 
fibers put together. Often ~400 smaller fibers make up a single bundle. The bundle can 
then be either put into a harness and emitted from a single fixture or separated into different 
areas. Because there are many fibers grouped into a bundle, light cannot pass through all 
of it as ~20% of the total area is either air or cladding [51]. This causes additional loss for 
the system. The ends of the fiber optic cables can also be attached to mechanical dimmers 
which can reduce the light output but retain the CRI of the light source that is coupled to 
the fibers [51]. Unlike the ROL concept, sources that are coupled to the fiber optic cables 
are meant to solely provide light to the fiber and therefore try to couple as much of the light 
as possible to the fiber. 
2.6.5 Beveled Fiber Ends 
 Light propagates through the fiber at an angle if the fiber end is beveled. The angle 
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2.7 Light Detection and Measurement 
 In order to properly design a lighting system the illuminance levels at various 
surfaces and areas must be measured. Photodetectors enable us to measure the light and are 
found in commonly used instruments such as the lux meter. Photodetectors measure light 
intensity incident upon them by converting light into an electrical signal. When light 
interacts with the semiconductor device the electron energy is raised into the conduction 
band from the valence band, which creates a current through the diode [16]. The 
responsivity of a detector is defined as the ratio of the output signal to the input power. The 
sensitivity of the photodetector such as the pin diode, an avalanche photodiode, etc. is 
needed to detect small amounts of light for communication purposes. This level of 
sensitivity is not required for measurements for illumination.  
 A simple lux meter is used for the measurement of light in this thesis. A lux meter 
measures the illuminance of a selected area. The meter usually can be switched between 
foot-candles and lux, and the accuracy is dependent upon the specific meter. Another light 
detection device is the goniophotometer. This device is able to analyze a light source over 
each desired angle of emission. After each measurement some models can place the 
intensity data into an IES/Elumdat file.  
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Chapter - 3   
Experimental System and Simulation Program for ROL 
 
3.1 Overview of the ROL System 
In order to find the energy savings of the ROL method the entire system must be 
analyzed. The ROL system is dependent on light distribution and collection in a room. 
Geometrical analysis, through the use of ray tracing, provides an estimation of how the 
light travels and the illuminance it provides on surfaces. The path that the light travels 
begins with its emission from the luminaire. The luminaire may vary in its intensity at 
different angles of emission and therefore many different angles must be measured for 
proper simulation results. After emission, the light travels a distance and interacts with a 
surface where reflection, refraction, and absorption occurs. Collection for the ROL is 
realized when the light enters into the optical fiber. The light is transmitted through the 
fiber, with losses occurring throughout its length. Light rays that are greater than the critical 
angle are generally eliminated. Although some of the light rays that exceed the critical 
angle still propagate for short lengths and emit past the acceptance angle of the fiber in 
these cases. Once the light is emitted, for an end-emitting fiber, a cone of light is projected 
from the fiber end. In side-emitting fibers the intensity of light decreases over the length 
of the fiber, as light leaks out of it. Once at the end, the side-emitting fiber acts as an end-
emitting fiber would.  
There are different cases that this thesis looks at that may influence the ROL 
system: the case in which the fiber is oriented directly at the source at various fiber lengths 
and how the light is emitted from its end, the case in which the fiber is oriented at various 
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angles in relation to the source, the case in which reflections in the source room are taken 
into account, and the case in which side emitting fibers are used. A brief overview of the 
general experimental setup is discussed below. 
 
3.2 Experimental Setup 
3.2.1 Experimental Chambers 
 
Figure 3.1: Experimental setup for source and receiving box. The receiving box is vertically offset from the 
source box and the receiving wall is opposite of the fiber linking the two boxes together. 
 
 Figure 3.1 shows the basic setup for each of the experiments. Two experimental 
chambers were designed and fabricated. The box which contains the light source is referred 
to as the source box for this thesis. The other box, referred to as the receiving box, is 
connected to the source box through a single fiber optic cable. Each box is completely 
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isolated from external light sources. Each box was constructed out of white foam board as 
a cube with one meter dimensions. Two sides of each of the boxes were removable to 
provide entry to change the bulbs and bulb and fiber locations.  
 
Figure 3.2: Alignment wall of source box. 
 
Figure 3.2 shows the alignment wall in the source box which allows for the fiber 
optic cable to be offset from the luminaire. A single wall of the source box was designated 
as the alignment wall and holes, the size of the optical fibers, were placed with a 0.1m 
spacing. In the case of this thesis, the fibers that are designated as aligned fibers are aligned 
to the 90° orientation of the light sources, see Figure 2.2.  A single hole in the center of the 
receiving box wall allowed entrance of the fiber. The wall opposite of optical fiber, which 
is illuminated by the end-emitting fiber, is designated as the receiving wall for the thesis. 
The optical fiber was aligned in the receiving box so that light being emitted from the cable 
was centered on the center of the receiving wall. The lux meter was placed on the center of 
the receiving wall and moved across the horizontal axis for measurements. For the aligned 
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fibers the light was considered to be uniformly distributed, so the illuminance was only 
measured from the center of the beam on the receiving wall, or half of the horizontal axis. 
For the misaligned fibers the entire horizontal axis was measured. Table 3.1 shows the 
fiber-to-source angle for each offset value used.  
Table 3.1: Fiber to source angles (degrees) for each offset of the fiber. The source is placed at a distance of 
0.5m from the alignment wall for the calculations. 
Horizontal 
Offset 
.10m .20m .30m .40m 
Angle (degrees) 11.31 21.80 30.96 38.66 
Vertical 
.20m .35m .55m .75m 
Offset 
Angle (degrees) 21.80 34.99 47.73 56.31 
Edge 0.5m 0.9m   
Angle (degrees) 35.26 51.84   
 
    
Figure 3.3: Laser Pointer output after going through a 0.1143 m fiber optic cable at 0.014 m diameter A.) 




Figure 3.3 shows the emission of a laser pointer beam through a 0.1143 m fiber 
cable at arbitrary offset angles. This figure is only used to demonstrate that an offset has 
an effect on the emission. No values were measured and it is shown as a demonstration 
only. The irregular beam spread of the laser, when it is incident on the fiber at an angle, 
demonstrates how misalignment affects the light propagation through the fiber.  There is a 
larger percentage of light traveling as skew rays and arriving at the outer edges of fiber for 
the fiber with the angular offset compared to the aligned fiber.  The aligned fibers have a 
higher amount of light being emitted in the center of the beam while those that are offset 
have a larger amount of light on the outer edges.  
  In the case of the side emitting fiber each of the walls in the receiving box had its 
illuminance measured. As previously stated, the core of the fiber is made of PMMA and 
the cladding made from Teflon with refractive indices of 1.4914 and 1.35 respectfully. 
From these values a 25° acceptance angle is calculated and as well as a numerical aperture 
of 0.435 using eq. 2.4. Fiber optic cables of lengths 0.1143 m, 0.3048m, 0.6096m, and 
1.8288m were used. In U.S. standard units they are 4.5”, 1’, 2’, and 6’ lengths. The 
0.1143m fiber was used as the main fiber for the experiments as it is the standard indoor 
wall width in the U.S. The other lengths were chosen arbitrarily for comparison reasons.  
36 
 
3.2.2 Light Sources: 
 
Figure 3.4: Light sources used in the experiment a.) Coated Incandescent, b.) Clear Incandescent, 
c.) CFL, d.) LED, e.) Fluorescent tube - not to scale. 
 
Two general types of light sources were used for this thesis. The omni-directional 
sources used are displayed in Figure 3.4a through Figure 3.4d are stated to give an equal 
distribution of light in every direction. The other light source used was a fluorescent tube, 
Figure 3.4e, which required a separate fixture affecting the height of the bulb. The 
placement for each fixture was the center of the ceiling of the source box, however, the 
fiber-to-source distance was variant for some experiments. Additional parameters are 
discussed with each individual experiment in chapter 4.
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3.2.3 Comparison of the Bulbs Used 
Table 3.2: Bulb Properties – The values are same as those used in the experimental and simulation parts of this thesis. *The price of the Fluorescent 
tube is estimated as the actual price included the ballast. 
Bulb CFL 
Coated 
Incandescent Clear Incandescent LED Fluorescent Tube 
Lumens 900 830 630 800 1850 
Watts 14 60 60 9.5 21 
Lifetime (hours) 20,000 1500 3500 25000 10000 
Dimmable No yes yes yes no 
Estimated Energy Cost 
(3hrs/day, 11 cents 
kWh) $1.69 $7.23 $7.23 $1.14 $ 2.52 
Lumens per watt 64 13.8 10.5 84 88 
Color Temperature 2700 2700 2700 2700 3000 
Light Color  Soft White soft white   
Unit Price per $5.97 (2 pk) $1.97 (4 pk) $4.47 (2 pk) $5.97 (1 pk) ~$10.00* 
CRI 82 100 100 80 82 
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Table 3.2 shows various properties of each of the light sources used in this thesis. 
The prices listed, as well as other values, are gathered from [39]. The unit prices are 
obviously cheapest for the incandescent bulbs, with the CFL costing ~6x as much as a 
coated incandescent bulb and the LED costing ~12x as much. However the energy savings 
from the LED covers the price of the bulb in a single year, while the savings for the CFL 
covers the cost of the bulb within 6 months (assuming 3 hrs./day 11cents/kWh). It is also 
apparent that the lifetime of the newer bulbs is much longer than the incandescent bulbs 
resulting in even more savings. Looking at these values it is obvious, if the unit price 
continues to lower for the CFL and LED, that the incandescent bulb will not be much longer 
on the market. 
 
3.3 Simulation Program: LightTools  
3.3.1 Ray Tracing 
Rays are used for visualization purposes and supply an easy way to analyze light 
traveling through a system. They are defined as being perpendicular to wavefronts of light. 
The analysis of tracing the rays through a light system, or ray tracing, has been 
implemented in many lighting programs.  Prior to computer use, meridional rays were the 
only rays able to be traced, skew rays were much harder to calculate. Now the ray tracing 
technique is easily computed using simulation programs that use numerical methods [30]. 
For the ray tracing method to supply the correct illumination output the appropriate source 
and optical material parameters must be placed in the program. The input distribution of 
the source through the optical system must be analyzed. It can often be considered uniform 
but this is practically dependent upon the source, the distance and the properties of the 
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receiving optical material. An in depth analysis of this method for tracing rays through a 
fiber optic cable for illumination is shown in [53]. 
3.3.2 LightTools 
Illumination design engineers use various simulation programs, which have 
graphical user interfaces, to visualize how light is distributed throughout an environment. 
The program LightTools [54] was used for simulation in the thesis. It uses ray tracing, by 
the Monte Carlo method, to analyze the lux output of the system. Rays in LightTools have 
a randomly generated starting point and direction. The ray then travels until it hits an 
element and then reacts with that element based on its geometrical and optical properties. 
Ray tracing often traces light backwards, from the receiving surface, which is often a 
camera in a simulation program, to the source. This method of calculation is shown to 
improve the efficiency of the program to calculate radiance because it doesn’t calculate 
unneeded light rays [13]. Forward simulation is the default simulation for LightTools and 
it was used with 500,000 rays being emitted from each source. The lum viewer for the 
illuminance display was used for the receiving output on each desired area. The horizontal 
and vertical slices of the areas were used to compare to the experimental data from the 
same area in the receiving box. 
Designing the light sources in programs can be difficult; luckily many manufactures 
of light sources include an IES file that can be put into the program with all the 
specifications of that particular bulb. This file is only used for bulbs that have reflectors or 
other bulbs that are not considered to be Omni-directional sources. The manufacturers 
consider the four A19 bulbs, but not the fluorescent tube, as Omni-directional sources.  
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  The simulation of the chambers were modeled to have walls with a reflectance 
value of 90% and set up as in Figure 3.1. The coated incandescent bulb and LED bulb were 
both modeled as spherical sources with their luminous intensity evenly spread over them. 
The clear incandescent bulb was modeled as three small cylinders, mimicking the filament 
inside the bulb, with the luminance split among them. The CFL bulb and fluorescent tube 
were modeled as cylinders with the total luminance being emitted evenly from the surface. 
The size of each model was the same dimensions as the source it represented. The fibers 
were made from two optical materials in LightTools. The core and cladding materials were 
set to the RI of PMMA and Teflon. The output of each simulated source was set to the 
same value as each true source. However, the intensity variance, in relation to the emission 
angle, was unable to be adequately measured. The sources were modeled to be fully omni-
directional in the simulation program, due to the increased directionality and source 
modeling error for the clear incandescent and LED bulbs no simulation results are shown. 
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Chapter - 4   
Simulated and Experimental Results 
 
4.1 Experiment 1- Distribution of Light on Alignment Wall for Sources at 
0.5 m from Fiber 
 
 The collection zone for each experiment used the alignment wall, therefore the 
lighting distribution was measured over it experimentally as well as in LightTools. This 
distribution can be used to find the optimal placement of the fiber for each of the sources, 
the fibers should be placed at the areas which receive the most illuminance. The 
experimental measurements of the illuminance were taken over a grid on the alignment 
wall with a spacing of 0.10m between each measurement. The experimentally collected 





Figure 4.1: Illuminance measurements on the alignment wall of the source box for a.) Clear incandescent bulb – experimental.  b.) Clear incandescent 




Figure 4.2: Illuminance measurements on the alignment wall of the source box for a.) CFL- experimental data b.) CFL- simulation results c.) LED- 








Figures 4.1 through 4.3 compare the experimental and simulated illuminance 
levels from each light source. The general distribution of light from each of the sources 
on the alignment wall of the source box is observable in each of the figures. The 
maximum illumination in each case occurs where the wall is perpendicular to the 
direction of light being emitted from the source. In this case, the point of the wall that 
is the closest to the light source receives the highest illumination. The illuminance drops 
as the distance and angle of the fiber to the source increase.    
Comparing each measurement to its corresponding simulation result shows that 
the most accurate data gathered from LightTools occurred with the LED, CFL, and 
fluorescent tube. The most likely cause of the difference between the experimental and 
simulation results is the models used for each of the sources in the simulation, as the 
models do not have the exact same geometry and emission as the actual source. The 
direction of light emission of the source and the variance in the light intensity from the 
source are all affected by the geometry model. As seen in Figure 4.1, the highest degree 
of error occurred with the clear incandescent bulb and, as the model is the least like the 




4.2 Experiment 2 A. – Light Transfer through the End Emitting Fiber 
Optic Cable 
 
Optical fibers of lengths 0.1143 m, 0.3048 m, 0.6096 m, and 1.8288 m were 
attached to the alignment wall at different horizontal misalignments from the source. 
For each case, the optical fibers were placed so that they were normal to the alignment 
wall. The purpose of this experiment was to compare the amount of light incident on the 
fiber to the light output at the fiber end. The lux meter was placed directly on the fiber 
end in order to detect the maximum amount of light being emitted. The angle to offset 
values are shown in Table 3.1. The light transmittance through each cable, for different 
fiber-to-source offsets and different fiber lengths, is shown in Figure 4.4.  Figure 3.2 




































Figure 4.4 shows a general trend that, as the offset for the aligned fiber increases, 
there is a decrease in the percentage of light transfer through the fiber. The greatest percent 
decrease in the light transmission occurred when the fiber was initially offset from the 
source, which implies an exponential-like decay as the misalignment increases. The percent 
of light being transmitted remains relatively unchanged after the 0.35 m or 35° fiber-to-
source vertical offsets. One of the reasons the shorter fiber lengths have a lower 
transmission loss due to the fiber offset, as previously discussed, is that some of the light 
traveling through the fiber at angles greater than the critical angle haven’t been expelled 
yet. In the case of the 0.3048 m and 0.6096 m fiber lengths, the amount of light being 
transmitted was very similar, however the 0.6096 m fiber showed a better transmittance 
when it was aligned to the source. This may be due to polishing error on the ends of the 
0.3048 m fiber length. For the misalignments, a larger amount of light was lost in the 
0.6096 m fiber as there is a longer period of time for rays that are greater than the critical 





Figure 4.5: The average percentage of transmission of light through different fiber lengths for a fiber 
aligned to a source located at different distances away.  
 
Figure 4.5 shows the average percentage of light transmission for all the light 
sources when they are located at 0.75 m, 0.5 m, 0.3 m, and 0.1 m from the aligned fiber. 
For most cases a negligible loss occurs as the fiber-to-source distance increases. Some loss 
is seen with the fiber-to-source distance of 0.10 m compared to the other distances. 
However, the other fiber-to-source distances have relatively the same transmittance rate. 
The fiber length shows that, with the exception of the 0.3048 m fiber, the length decreases 
the amount of light received and the larger percentage of loss, in relation to fiber length, 




























Percentage of Light Transfer through Variant Length 
Optical Fiber at Different Fiber-to-Source Distances




This section of the experiment compared how variant reflection types in the source 
box affected the light output of the fibers. Black cloth was used to absorb as much of the 
reflecting light as possible and as an attempt to increase the reflection of the source box 
walls, aluminum foil was placed over the walls. The source box illumination was also 
recorded for each of the reflections and blubs. The fiber-to-source distance was kept at a 
static 0.50 m; the sources were placed in the center of the ceiling of the source box. 
 
 
Figure 4.6: Light transfer through aligned fiber optic cable of lengths 0.1146m, 0.3048m, 0.6096m, and 
1.8288m when the source box walls were black, white, and reflective. 
 
 Comparing the reflective values in Figure 4.6, it is obvious that there is little to no 
difference in the reflectance values of the source box walls when the fiber optic cable is 
aligned to the source. This shows that the majority of light incident on an aligned fiber is 
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Figure 4.7: Location of each comparison area in the source and receiving box 
 
This part of the experiment compared the percentage of illumination, in similar 
locations, in the source box and receiving box. The comparison was considered only for 
the fiber-to-source position of 0.50 m from an aligned fiber. As the fiber was emitting 
light through the center of the receiving box wall the positions are rotated so that the 
source to wall distance is more comparable, this is shown in Figure 4.7. In the figure, 
each of the points in the source box were compared with the same point in the receiving 
52 
 
box. The results for each point of comparison for a fiber-to-source distance of 0.50 m are 
shown in Table 4.1.  
  
Table 4.1: Percentage of light in receiving box compared to similar locations in source box from a fiber-to-











A. 0.653 0.395 0.296 0.159 0.028 
B. 0.013 0.013 0.011 0.014 0.012 
C. 0.01 0.014 0.011 0.01 0.012 
D. 0.006 0.006 0.006 0.007 0.007 
E. 0.007 0.008 0.007 0.008 0.009 
F. 0.008 0.006 0.008 0.007 0.007 
 
 
Figure 4.8: Percentage of light in the receiving box compared to the source box at points B-F for the fiber-





Figure 4.9: Percentage of light in the receiving box at point A. compared to the source box at point A. at 
each fiber-to-source distance – Fiber length of 0.1143. 
 
Table 4.1 shows the percentage of light in each of the comparable regions of the 
source and receiving chambers. Figure 4.8 shows the graphical comparison of points B, C, 
D, E, and F of the same data. The total percentage of light declines drastically as the 
distance from the center of the emitted light from the fiber increases. For the main focus 
point, A., 100-3500 optical fibers, the same length and aligned similarly with the same 
fiber-to-source distance, would be required to obtain the same illuminance in the receiving 
chamber as in the source chamber. The percentage difference increases dramatically as the 
distance from the center of illumination increases. From Figure 4.8 it can be seen that the 
illumination percentage from point B through point F is similar for all sources for the fiber 
length of 0.1443 m. The graph comparing point A at different fiber-to-source distances is 
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A. 0.045 0.119 0.139 0.358 0.018 
B. 0.008 0.009 0.008 0.009 0.015 
C. 0.010 0.011 0.011 0.012 0.013 















A. 0.065 0.193 0.298 0.511 0.030 
B. 0.017 0.017 0.015 0.017 0.023 
C. 0.022 0.016 0.022 0.022 0.022 















A. 0.129 0.303 0.412 1.401 0.094 
B. 0.153 0.254 0.210 0.174 0.085 





Table 4.2 shows the percentage of light in each of the comparable regions of the 
source and receiving chambers for the distances of 0.75 m, 0.30 m, and 0.10 m. The total 
percentage of light increases as the fiber-to-source distance decreases. Closer comparisons 
occur with the coated incandescent, CFL, and LED bulbs for the distance of 0.10 m over 
all points. For the distance of 0.30 m and 0.75 m the percentage difference between the 
source and receiving box show relatively no difference after point A. The fluorescent tube 





4.3 Experiment 3A – Receiving Wall Illumination from Various Fiber 
Lengths and Fiber-to-Source Distances with 0.1143m Length Fiber 
 
 This experiment was designed to compare similar source types and how well they 
transmitted light through a 0.1143 m fiber optic cable. The 0.1143 m fiber was aligned to 
each source at the fiber-to-source distances of 0.10 m, 0.30 m, 0.50 m, and 0.75 m. The 
illuminance on the horizontal axis of the receiving wall (Figure 3.1) was measured for each 
case. The fiber was kept straight and placed so that it emitted light onto the center of the 
receiving wall. Figure 4.10 through Figure 4.26 show different comparisons of the 
experimental and simulation illumination results, on the receiving wall through a 0.1143 
m fiber, for each source at the fiber-to-source distances of 0.10 m, 0.30 m, 0.50 m, and 0.75 
m.   The walls of the source box were kept white for this part of the experiment, and a 90% 
reflectance value was placed on them for the simulation. A short discussion follows each 
figure. It should be noted that the amount of illuminance that is being measured is very 




Figure 4.10: The illuminance from a 0.1143 m end-emitting fiber cable due to a clear incandescent bulb with source-to-fiber distances of a.) 0.10 m, b.) 




Figure 4.11: Measured illuminance on the receiving wall from the end emitting fiber optic cable at fiber-to-
source distances of 0.10m, 0.30m, 0.50m, and 0.75m from the clear incandescent source. 
 
Figure 4.10 compares the experimental results of the illuminance on the receiving 
wall from the 0.1143 m fiber due to the clear incandescent bulb. The fiber-to-source 
distances of 0.10m, 0.30m, 0.50m, and 0.75m were evaluated. Additionally the equation of 
the curve for the peak illuminance on the receiving wall is given. The peak value for each 
experimental case, with the exception of the fiber-to-source distance of 0.75 m, occurs 
away from the middle of the source. This is probably due to the higher directionality of the 
clear incandescent source as well as the fact that the filament of the bulb does not fill the 
entire acceptance cone of the fiber.  
The simulated results show no light incident on the wall past what the numerical 
aperture of the fiber should allow (~0.20 m), or the greatest angle from the fiber to source 
- whichever is smaller. However, the experimental results show that there is some amount 
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0.75 m distances and values of ~0.13 lx and ~0.55 lx were obtained after the numerical 
aperture cutoff for the 0.30 m and 0.10 m distances respectfully. The difference between 
the source model in the simulation and the actual source in the experiment is partially to 
blame for the error. However, the propagation of light past the critical angle for the short 
fiber allows for additional error as most ray tracing programs will stop tracing a ray if it 
exceeds the critical angle in the fiber.  
Figure 4.11 shows a better comparison of the fiber-to-source distances that are 
experimentally measured. As expected there is a large amount of loss between each fiber-
to-source distance interval. The largest percentage of light loss, for both the experimental 
and simulated measurements, occurred between the smaller fiber-to-source distances 
which shows exponential-like decay in the illumination measurements in relation to the 
fiber-to-source distance.  
 
 
Figure 4.12: Clear incandescent bulb emission profiles for source to fiber distances of A.) 0.10 m, B.) 0.30 
m, C.) 0.50 m, D.) 0.75 m 
 
 Figure 4.12 shows the beam profiles of the clear incandescent bulb through a 0.1143 
m optical fiber for the source-to-fiber distances of 0.10 m, 0.30 m, 0.20 m, and 0.75 m. The 
non-uniformity in each of the profiles can be seen for each case. This non-uniformity is not 
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matched in the simulation results for this source. Skew rays are the prominent rays traveling 
through the fiber. This is seen by the fact that more light is visible on the outer edges than 
the center of the emitted beam. The distribution of light from the fiber becomes closer to 




Figure 4.13: The illuminance on the receiving wall from a 0.1143 m end-emitting fiber cable due to a coated incandescent bulb, with source-to-fiber 




Figure 4.14: Experimental measurements of the illuminance on the receiving wall from the end emitting 
fiber due to the coated incandescent bulb at fiber-to-source distances of 0.10 m, 0.30 m, 0.50 m and 0.75 m. 
 
 
Figure 4.15: Simulated illuminance levels on the receiving wall from the end-emitting fiber optic cable at 
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Figure 4.13 compares the simulated and experimental results of the illuminance on 
the receiving wall from the 0.1143 m fiber due to the coated incandescent bulb. The fiber-
to-source distances of 0.10m, 0.30m, 0.50m, and 0.75m are shown, separately, in the figure. 
In each case, for the 0.1143m fiber, the experimental measurements were similar to the 
simulated illuminance values on the center of the receiving wall.   
As with the clear incandescent bulb, the simulated results show no light incident on 
the receiving wall past what the greatest angle that the fiber should allow, while the 
experimental results show that there is illumination occurring outside of that angle. Values 
of ~0.11 lx and ~0.10 lx were measured for the fiber-to-source distances of 0.50 m and 
0.75 m respectfully. Values of ~0.17 lx and 1.13-2.92 lx were obtained after the numerical 
aperture cutoff for the 0.30 m and 0.10 m distances respectfully.   
Figure 4.14 and Figure 4.15 show the comparison of the fiber-to-source distances 
for the experimental and simulated results, respectfully. As with the clear incandescent 
source, there is a large amount of loss between each fiber-to-source distance interval, 
however, the loss between each distance appears to be of a lesser extent. Experimentally, 
the fiber-to-source distance of 0.10 m shows a near flat value for the illuminance over the 
distance of 0 to 0.175 m from the center of the receiving wall. This flat value is most likely 
due to a uniform amount of flux entering the fiber in the source box at those fiber angles, 
meaning that the light source covers a larger area of the fiber’s acceptance cone. Unlike 
the clear incandescent bulb, a smooth slope in the illuminance measurements is seen 




Figure 4.16: Coated incandescent bulb emission profiles for source-to-fiber distances of A.) 0.10 m, B.) 
0.30 m, C.) 0.50 m, D.) 0.75 m 
The beam profiles of the coated incandescent bulb through a 0.1143 m optical fiber 
at each of the source to fiber distances is shown in Figure 4.16. Much of the light 
propagating through the fiber is emitted onto the center of the receiving wall, which means 
much of the light is traveling through the center of the fiber. The light source is actually 
visible in the right three photos, this shows that the bulb does not fully cover the acceptance 





Figure 4.17: The illuminance on the receiving wall from a 0.1143 m end-emitting fiber cable due to a CFL source, with source-to-fiber distances of a.) 




Figure 4.18: Measured illuminance in the receiving box from the end emitting fiber optic cable at distances 
of 0.10 m, 0.30 m, 0.50 m, and 0.75 m from the CFL. 
 
 
Figure 4.19: Simulated illuminance levels in the receiving box from the end emitting fiber optic cable at 
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Figure 4.17 compares the simulated and experimental results of the illuminance on 
the receiving wall from the 0.1143 m fiber due to the CFL. The fiber-to-source distances 
of 0.10m, 0.30m, 0.50m, and 0.75m are all shown in the figure. As with the coated 
incandescent bulb, for the 0.1143m fiber, the experimental measurements were similar to 
the simulated illuminance values on the center of the receiving wall.   
Unlike the previous sources though, there is a small amount of illuminance 
occurring on the receiving wall past what the fiber should allow for the simulation on one 
side of the receiving wall. Values of ~0.12 lx and ~0.09 lx were measured for the fiber-to-
source distances of 0.50 m and 0.75 m respectfully. Values of ~0.18 lx and 1.13-2.45 lx 
were obtained after the numerical aperture cutoff for the 0.30 m and 0.10 m distances 
respectfully. This inconsistency may be due to the change in geometry of the source model 
used in LightTools and/or the random seed generation for the ray tracing.  
Figure 4.18 and Figure 4.19 show the comparison of the fiber-to-source distances 
due to the CFL of the experimental and simulated results, respectfully. The loss between 
each fiber-to-source distance interval is similar to the coated incandescent bulb, in that a 
smaller decrease occurs between each distance interval. Similar to the coated incandescent 
source, the fiber-to-source distance of 0.10 m shows a near flat value for the illuminance 
over the distance of 0 to 0.10 m from the center of the receiving wall. This flat value is 
once again most likely due to a uniform amount of flux entering the fiber in the source box 
at those fiber angles. Also, as with the coated incandescent bulb, a smooth slope for the 






Figure 4.20: CFL emission profiles from A.) 0.10 m, B.) 0.30 m, C.) 0.50 m, D.) 0.75 m 
   
  Figure 4.20 shows the emission profile from the 0.1143 m fiber due to the CFL 
source at each fiber-to-source distance. As with the coated incandescent bulb, the source is 
visible through the fiber in the right three photos. The light profile around the source is due 




Figure 4.21: The illuminance on the receiving wall from a 0.1143 m end-emitting fiber cable due to a LED bulb, with fiber-to-source distances of a.) 




Figure 4.22: Experimental values of illuminance on the receiving wall from the 0.1143m end-emitting fiber 
optic cable due to the LED source at fiber-to-source distances of 0.10 m, 0.30 m, 0.5 m, and 0.75 m. 
Figure 4.21 compares the experimental results of the illuminance on the receiving 
wall from the 0.1143 m fiber due to the LED for each fiber-to-source distance of 0.10m, 
0.30m, 0.50m, and 0.75m. The line of best fit is shown on the graph to best show how the 
distribution of light is across the receiving wall. The LED source is much more directional 
than the other so-called omni-directional sources. The bulb shows a greater intensity 
occurring at the 90° orientation of the bulb so having the proper intensity values for each 
emission angle would increase the accuracy of the simulation for this case. 
As with the incandescent bulbs, the simulated results show no light incident on the 
receiving wall past what the greatest angle that the fiber should allow. The experimental 
results are consistent with previous sources as they show that there is illumination 
occurring outside of numerical aperture of the fiber. Values of ~0.12 lx and ~0.09 lx were 
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~0.17 lx and 1.03-1.77 lx were obtained after the numerical aperture cutoff for the 0.30 m 
and 0.10 m distances respectfully.  
Figure 4.22 shows the comparison of the experimental measurements for each of 
the fiber-to-source distances due to the LED. In Figure 4.22 it is seen that the slope of the 
illuminance values is much steeper than the other omni-directional light sources. The 
illuminance loss between each fiber-to-source distance interval is similar to the coated 
incandescent bulb and CFL. Unlike the previous two sources, there is no flat illuminance 
value over the center of the receiving wall for the fiber-to-source distance of 0.10 m, which 
may be attributed to the to the fact that the LED bulb appears to be more directional. The 
illumination curve on the graph appears smooth, as with the previous two sources, for all 
fiber-to-source distances. 
 
Figure 4.23: LED emission profiles from A.) 0.10 m, B.) 0.30 m, C.) 0.50 m, D.) 0.75 m 
 
Figure 4.23 shows the illumination on the receiving wall from the 0.1143 m fiber, 
due to the LED, at each fiber-to-source distance. The directionality of the source is evident 
in the right three photos, which show a non-uniform emission with the presence of a 
horizontal bar of light. Figure 4.21A shows uniformity starting to take place at a fiber-to-




Figure 4.24: The illuminance on the receiving wall from a 0.1143 m end-emitting fiber cable due to a fluorescent tube, with fiber-to-source distances of 




Figure 4.25: Experimental illuminance values on the receiving wall from the 0.1143 m end-emitting fiber 
from the fluorescent tube at fiber-to-source distances of 0.10 m, 0.30 m, 0.50 m, and 0.75 m. 
 
Figure 4.24 compares the simulated and experimental results of the illuminance on 
the receiving wall from the 0.1143 m fiber due to the fluorescent tube for the fiber-to-
source distances of 0.10m, 0.30m, 0.50m, and 0.75m. Unlike the previous sources the 
fluorescent tube was not an omni-directional source, and therefore its emission into the 
fiber was known to be uneven. The source was aligned horizontally with the fiber so that 
the largest amount of light was incident on it. The line of best fit is shown in each graph 
for the illumination distribution over the receiving wall. 
The simulation illuminance values are not too affected by the change in fiber-to-
source distances, although the distribution of the illuminance is noticeable.  The 
experimental values obtained from the receiving wall show a typical decrease in 
illuminance as the fiber-to-source distance increases, as with the previous sources. A larger 
amount of illuminance was measured for angles outside the numerical aperture range 
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for the fiber-to-source distances of 0.50 m and 0.75 m respectfully. Values of ~0.29 lx and 
0.84-1.3 lx were obtained after the numerical aperture cutoff for the 0.30 m and 0.10 m 
distances respectfully.  
Figure 4.25 shows the comparison of the experimental measurements for each 
fiber-to-source distance. In the experimental results it is seen that the slope of the 
illuminance values is much shallower than compared to the other light sources, however 
the total amount of lux on the receiving wall is much less. The illuminance loss between 
each fiber-to-source distance interval is similar to the clear incandescent bulb, with a higher 
percentage of light loss between the fiber-to-source distances of 0.10 m and 0.30 m.  The 
unevenness in the simulated results as the fiber-to-source distance changes implies that the 
emission for the fluorescent tube had an unknown property that was adversely affecting the 
results. 
 
Figure 4.26: Fluorescent tube emission profiles from A.) 0.10 m, B.) 0.30 m, C.) 0.50 m, D.) 0.75 m 
  
Figure 4.26 shows the fluorescent tube profiles through a 0.1143 m fiber. The 
profile turns into a horizontal bar as the fiber-to-source distance extends beyond 0.30m. 
Unfortunately the camera that was used was unable to differentiate the profile of the light 




Table 4.3: The maximum and average levels of illuminance on the receiving wall through a 0.1143 m optical fiber at each fiber-to-source distance. 




Incandescent (lx) CFL (lx)  LED (lx) 
Fluorescent 
Tube (lx) 
MAX 6.00 3.44 5.81 18.00 1.54 
Average 1.72 2.69 3.51 5.28 1.26 
Fiber- To Source Distance 30 cm       
MAX 6.00 3.44 5.81 18.00 1.34 
Average 0.29 0.68 0.88 1.09 0.39 
Fiber- To Source Distance 50 cm       
MAX 0.35 1.35 1.80 4.60 0.31 
Average 0.16 0.25 0.33 0.27 0.23 
Fiber- To Source Distance 75 cm       
MAX 1.00 2.19 3.85 6.56 0.31 




Table 4.3 shows the maximum and average amount of illuminance over the 
receiving wall through a 0.1143 m optical fiber, due to each source at each fiber-to-source 
distance measured. The fluorescent tube shows the most consistency between each fiber-
to-source distance and competes with the average amount of illuminance being received 
for the fiber-to-source distances of 0.50 m and 0.75 m. Comparing the maximum 
illuminance to the average over the entire area, the coated incandescent bulb and the CFL 
both are shown to having a close to uniform light distribution. 
 
4.3 Experiment 3B – Illumination from Various Fiber Lengths and Fiber-to-Source 
Distances with 0.6096 m Fiber 
 The above experiment was again evaluated for the 0.6096 m long fiber and is shown 
in Figure 4.27 through Figure 4.31 below. Each source was once again evaluated at the 




Figure 4.27: The illuminance on the receiving wall from a 0.6096 m end-emitting fiber cable due to a clear incandescent bulb with source-to-fiber 




Figure 4.28: The illuminance on the receiving wall from a 0.6096 m end-emitting fiber cable due to a coated incandescent bulb with source-to-fiber 




Figure 4.29: The experimental and simulated illuminance levels on the receiving wall from a 0.6096 m end-emitting fiber cable due to a CFL source, 




Figure 4.30:  The illuminance on the receiving wall from a 0.6096 m end-emitting fiber cable due to a LED bulb with source-to-fiber distances of a.) 




Figure 4.31:  The illuminance on the receiving wall from a 0.6096 m end-emitting fiber cable due to a fluorescent tube with source-to-fiber distances of 
a.) 0.10 m, b.) 0.30 m, c.) 0.50 m, d.) 0.75 m 
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Figure 4.27 through Figure 4.31 compares the experimental results of the 
illuminance on the receiving wall from the 0.6096 m fiber due to each source for the fiber-
to-source distances of 0.10 m, 0.30 m, 0.50 m, and 0.75 m.  The line of best fit is shown 
for each source to show the distribution of most of the light from the emission cone of the 
fiber. In each case, unlike with the shorter fiber, the experimental measurements showed a 
smaller amount of change over the emission area. This gradual decay in the illuminance 
shows that the distribution of the light in this fiber is more uniform than with the 0.1143 m 
long fiber, and implies that some beam spreading has occurred in the fiber. As with the 
shorter fibers, the experimental results show that there is a large amount of illumination 
outside of the numerical aperture allowed by the fiber. 
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Table 4.4: The maximum and average levels of illuminance on the receiving wall through 0.6096m optical fiber at each fiber-to-source distance. 
Fiber- To Source Distance 10 cm            
  Clear Incandescent(lx) 
Coated 
Incandescent(lx) CFL(lx) LED(lx) 
Fluorescent 
Tube(lx) 
MAX 2.28 2.39 2.80 2.05 1.04 
Average 1.54 1.84 2.18 1.88 0.72 
Fiber- To Source Distance 30 cm           
MAX 0.41 0.42 0.46 0.52 0.30 
Average 0.26 0.29 0.36 0.39 0.19 
Fiber- To Source Distance 50 cm           
MAX 0.13 0.19 0.24 0.22 0.21 
Average 0.09 0.14 0.18 0.17 0.12 
Fiber- To Source Distance 75 cm           
MAX 0.09 0.12 0.13 0.14 0.18 




 Table 4.4 shows the maximum and average amount of lux on the receiving wall 
from a 0.6096 m fiber due to each source at fiber-to-source distances of 0.10m, 0.30m, 
0.50m, and 0.75m. Comparing these values to Table 4.3, the maximum illuminance on the 
receiving wall is highly variable and the average illuminance on the receiving wall shows 
roughly 50 percent reduction between the two fiber lengths. However, comparing the 
maximum values of illuminance to the average values, a more uniform emission is realized 
in the longer fiber, at the cost of a reduced output.  
 
4.4 Experiment 4 – Misaligned Fibers 
This experiment was designed to see the effect of the misalignments of fibers from 
luminaires on the receiving wall for the 0.1143 m optical fiber. The optical fiber was offset 
in 0.1 m increments on the horizontal axis of the alignment wall, with values of 0.10 m, 
0.20 m, 0.30 m, and 0.40 m. The vertical position remained the same. Refer to Table 3.1 
for the corresponding angle from the fiber to source for each horizontal offset. The source 
distance was set at 0.50 m from the alignment wall; on the center of the ceiling of the source 
box.  The walls of the source box were kept white for this part of the experiment. The fiber 
was kept normal to the alignment wall and placed, as with the last experiment, so that the 
fiber emitted light on the center of the receiving wall. The measurement of illuminance 
values occurred along the horizontal axis of the wall, edge to edge. Figure 4.32 through 
Figure 4.41, below, show the experimental and simulation illumination measurements due 








Figure 4.32 shows the experimentally measured illuminance values on the 
receiving wall through the 0.1143 m fiber due to the clear incandescent bulb at horizontal 
offsets of 0.10 m, 0.20 m, 0.30 m and 0.40 m. The spikes in illuminance values in Figure 
4.35A shows an illuminance ring, which shows light is traveling as skew rays. The two 
spikes occur at different distances from the center of the receiving wall and have different 
illuminance values, the light source was on the same side of the fiber as the smaller spike. 
As the offset increases the ring from the fiber becomes larger in diameter and eventually 
goes onto the receiving box side walls. The illuminance value of the ring decreases rapidly 
with its increased size. There may appear to be error but the values of the illuminance are 
so small, deviations may be accounted for due to the accuracy of the lux meter.  
 
 
Figure 4.33: Experimental results of the illuminance measurements on the receiving wall of the receiving 
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 Figure 4.33 shows the comparison between each fiber-to-source distance for the 
experimental measurements. After the initial misalignment of the source from the fiber the 
illuminance is relatively similar between each offset interval for the experimental results, 
although the ring is evident for the 0.10 m offset. A near flat value for the illuminance is 
seen for each point that does not fall into the illuminance ring, which is between the values 
of 0.05 lx and 0.10 lx. This flat value is most likely due to a uniform amount of flux entering 
the fiber in the source box at those fiber angles, either from reflections in the source box 




Figure 4.34: Coated incandescent bulb illuminance on receiving wall in receiving chamber at a.) 0.10 m offset, b.) 0.20 m Offset, c.) 0.30 m Offset, d.) 
0.40 m Offset 
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Figure 4.34 shows the experimental values on the receiving wall through the 0.1143 
m fiber due to the coated incandescent bulb at horizontal offsets of 0.10 m, 0.20 m, 0.30 m 
and 0.40 m. As with the clear incandescent source a ‘ring’ can be seen where the spikes in 
illuminance values in Figure 4.38A are seen showing skew ray propagation, although for 
each offset the light distribution is close to uniform.  
 
Figure 4.35: Experimental results of the illuminance measurements on the receiving wall of the receiving 
chamber from a coated incandescent bulb placed 0.50 m from the alignment wall. 
Figure 4.35 shows the comparison of the experimental measurements due to the 
coated incandescent bulb at different fiber-to-source misalignments. As with the clear 
incandescent bulb, the illuminance is relatively similar between each offset interval. A near 
flat value for the illuminance is seen for the offset values of 0.30 m and 0.40 m, for these 
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Figure 4.36: CFL bulb illuminance on receiving wall in receiving chamber at a.) 0.10 m offset, b.) 0.20 m Offset, c.) 0.30 m Offset, d.) 0.40 m Offset 
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Figure 4.36 shows the experimental illuminance values on the receiving wall 
through the 0.1143 m fiber due to the CFL at horizontal offsets of 0.10 m, 0.20 m, 0.30 m 
and 0.40 m. A large peak in the illuminance is once again visible in Figure 4.41A. After 
this offset distance the illuminance is shown to be relatively flat experimentally. 
 
 
Figure 4.37: Experimental results of the illuminance measurements on the receiving wall of the receiving 
chamber from a CFL source placed 0.50 m from the alignment wall. 
Figure 4.37 shows the comparison of the illumination measurements due to the CFL 
at different fiber-to-source misalignments.. Once again, the illuminance is relatively 
similar between each offset interval for the experimental results, at approximately 0.10 lx. 
A near flat value for the illuminance is seen for the offset values of 0.20 m, 0.30 m and 
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Figure 4.38: LED bulb illuminance on receiving wall in receiving chamber at a.) 0.10 m offset, b.) 0.20 m Offset, c.) 0.30 m Offset, d.) 0.40 m Offset
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Figure 4.38 shows the experimental illuminance values on the receiving wall 
through the 0.1143 m fiber due to the LED at horizontal offsets of 0.10 m, 0.20 m, 0.30 m 
and 0.40 m. Each offset distance from the fiber to the source shows a close to uniform 
distribution of light, with the exception of a spike at the 0.10 m offset. As with the previous 
sources the spike is due to an increase in the amount of skew rays propagating through the 
fiber at the relative angle. As before, there is a variance in the illuminance distribution over 
the receiving wall in the simulation.  
 
 
Figure 4.39: Experimental results of the illuminance measurements on the receiving wall of the receiving 
chamber from a LED source placed 0.50 m from the alignment wall. 
 
Figure 4.39 shows the comparison of the illumination measurements due to the 
LED at different fiber-to-source misalignments for the experimental results. The 
illuminance is approximately the same as the CFL with an average illuminance value of 
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Figure 4.40 shows the experimental illuminance values on the receiving wall 
through the 0.1143 m fiber due to the fluorescent tube at horizontal offsets of 0.10 m, 0.20 
m, 0.30 m and 0.40 m. The difference between this case and the previous cases is that the 
fiber offset stay aligned with the fluorescent tube, but just changed the area of the light 
source at which it was aligned to. A relatively uniform distribution is still seen for this case, 
as with the previous sources and with the previous results of the fluorescent tube being 
aligned perfectly with the fiber.  The peak of the illuminance values occurs at the center of 
the receiving wall for each case.  
 
Figure 4.41: Experimental results of the illuminance measurements on the receiving wall of the receiving 
chamber from a Fluorescent tube placed 50 cm from the alignment wall. 
 
Figure 4.41 shows the comparison of the illumination measurements due to the 
fluorescent tube at different fiber-to-source misalignments from the experimental results. 
The illuminance values are fairly similar for each offset, although the lowest level of 
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Table 4.5: Maximum and average lux on receiving wall due to each source at each fiber-to-source distance. 





(lx) CFL (lx) LED (lx) 
Fluorescent Tube 
(lx) 
MAX 0.40 0.18 0.35 0.27 0.29 
Average 0.14 0.14 0.14 0.13 0.22 
Fiber- To Source Offset 20 
cm      
MAX 0.13 0.07 0.14 0.16 0.33 
Average 0.11 0.07 0.10 0.11 0.24 
Fiber- To Source Offset 30 
cm      
MAX 0.07 0.12 0.13 0.11 0.30 
Average 0.07 0.10 0.11 0.09 0.20 
Fiber- To Source Offset 40 
cm      
MAX 0.07 0.08 0.10 0.10 0.20 




Table 4.6 shows the maximum and average distribution of illumination over the 
receiving wall. Unlike the aligned fibers the misaligned fibers show a close to uniform lux 
output but this occurs with an extreme loss of light propagation. The CFL and LED show 
the best promise for being completely misaligned from the source. The fluorescent tube 
shows that there is a greater area for the fiber to be aligned without changing its 
perpendicular orientation with the alignment wall.
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4.5 Experiment 5 – Side-Emitting Fiber 
 
 In this experiment a 0.9144m side emitting fiber was butt-coupled to a 0.1146m 
end emitting fiber to produce light output in the receiving box. The side emitting fiber was 
placed along the top center of the receiving box and only the light coupled into the side 
emitting fiber was allowed into the receiving box. The illuminance on each of the walls 
was then measured to find the light distribution. The coupling of the end-emitting fiber to 
the side emitting fiber was due to the fact that no emission was needed between the source 
box and receiving box. 
  









Source     
Clear Incandescent 
Bulb 
0.01-0.02 lx 0.01-2.87* lx 0.01-0.06* lx 0.01-0.03 lx 
Coated Incandescent 
Bulb 
0.01-0.04 lx 0.01-1.81* lx 0.01-0.03* lx 0.02-0.04 lx 
CFL 0.02-0.04 lx 0.01-2.32* lx 0.01-0.13* lx 0.01-0.07 lx 
LED 0.02-0.04 lx 0.02-4.51* lx 0.01-0.1* lx 0.02-0.06 lx 
Fluorescent Tube 0.03-0.04 lx 0.01-6.94* lx 0.03-0.09* lx 0.02-0.08 lx 
 
 Table 4.7 shows the illuminance levels on each wall of the receiving box. The 
illuminance values for each side was ~0.01 – 0.04 lx. The high illuminance values shown 
on the receiving wall occurred at the end emission from the optical fiber and from having 
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illuminance values measured close to the fiber optic source, these high values were only 
measured over a small area, while most of the walls obtained the illuminance values 
previously mentioned. 
Reflectance: 





Emitting Wall Side-Wall 








0.01-0.04 lx 0.01-0.07* lx 0.02-0.07 lx 0.01-0.07 lx 
CFL 0.02-0.03 lx 0.01-5.38* lx 0.02-0.03 lx 0.01-0.03 lx 
LED 0.01-0.03 lx 0.01-5.02* lx 0.02-0.03 lx 0.01-0.02 lx 
Fluorescent 
Tube 
0.03-0.04 lx 0.01-6.94* lx 0.03-0.09* lx 0.02-0.08 lx 
 
 Table 4.8 shows the repeat of the experiment for when the source box was coated 
in aluminum foil in order to try and improve the reflectance of the source box walls. 
Comparing the illuminance values the aluminum foil walls provide little to no extra 
illumination on the walls of the receiving box.  
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4.7 Experiment 6– Use of Beveled Fibers to Focus Light 
 
 The purpose of this experiment was to see the focusing potential of the optical fibers 
without the need of additional lenses or components. Five optical fibers were aligned 
normal to the alignment wall, in 0.10 m intervals, so that each would be able to collect light 
equally from a fluorescent tube. The source-to-fiber distance varied for the 0.10 m and 0.30 
m distances. A reversal of the bevel direction, inside the receiving box, was compared to 
see the effects of the bevel when properly aligned. Table 4.8 shows the degree of the bevel, 
calculated from equation 2.7, so that the center of the emitted light would be on the center 
of the receiving wall. 
 
Table 4.8: Degree of Bevel in Relation to fiber Placement for Attempt to have Beams Focused on Center of 
Receiving Box Wall 
Horizontal Distance From Center of 
Alignment Wall 
Degree of Bevel 
0.10 m 11.3° 
0.20 m 21° 
0.30 m 28° 





Figure 4.42: Experimental and simulated results of illuminance on the receiver wall of the receiving box 
through five beveled fibers from a fluorescent tube at 0.10 m and 0.30 m from the fibers. 
 
 Figure 4.42 shows the comparison of the experimental and simulated values of 
illuminance on the receiving wall from beveled fibers. The experimental measurements 
show a much shallower peak at the center of the wall than the simulation, which may be 
accounted for through non-perfect fiber alignment. The fibers have to be aligned not only 
with the source in the source box, but also in the receiving box. The five beveled fibers 
were on the side of the positive x axis, which is why there is a higher amount of illuminance 
in that area. A peak value does occur for the beveled fibers when they are at a distance of 
0.10 m, however the experimental measurements for the fiber-to-source distance of 0.30 m 
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Figure 4.43: Experimental results of illuminance on the receiver wall of the receiving box through five 
beveled fibers from a fluorescent tube at 0.10 m and 0.30 m from the fibers. 
 
 Figure 4.43 shows an experimental trial in which the fiber was rotated around in 
the receiving box so the bevel was facing the opposite direction. The purpose of this 
experiment was to see the maximum change in the light distribution on the receiving wall 
due to bevel orientation. The difference is noticeable when the source-to-fiber distance is 
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 This thesis has evaluated lighting distributions of common light sources and the 
ability for optical fibers to collect this light under different conditions. Fiber-to-source 
distance, fiber-to-source angle, fiber length, and reflectivity of the source box are all 
variables that affect the efficiency of the ROL system. Modifications through the use of 
beveled fibers were shown to be able to focus light without the use of additional lenses or 
changing the direction of the fiber. Although each of the sources are classified to be omni-
directional, their actual light intensities are not the same in each direction. The higher 
directionality of the clear incandescent and LED luminaires caused both to show non-
uniform emissions through the 0.1143 m long end-emitting optical fibers. As alignment 
and fiber distance are both important factors for light collection and transmission, the 
fluorescent tube allows for more consistency in both these areas as the source is much 
bigger than the omni-directional sources that were used for this thesis.  
 Experiment 1 shows that the fiber length is one of the main contributors to light 
loss in a ROL system. In the 0.1143 m optical fiber, not only does light interact with a 
smaller number of molecules that can absorb it, but light will propagate from the fiber at 
angles exceeding the cone of acceptance of the fiber. Light is seen to still transmit through 
the fibers at various misalignments to the source, however, the amount of light distribution 
of the light is cause for concern. In order to make an efficient ROL system each fiber should 
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be aligned to the source. The fiber-to-source distance does not have a negative effect on 
the percentage of transmittance. However, when looking at the bigger picture, there is a 
loss realized as cladding and air take up surface area for a collection area. The distribution 
of the light is also considered. The more uniform the light output from the fiber end, the 
better for the ROL system. As the fiber-to-source distance increases the angle at which the 
fiber can accept light exceeds the dimensions of the source, at this point the light emission 
from the fiber decays rapidly. Each graph shows the equation of the line of best fit for the 
distribution of light illuminating the surface of the receiving wall. 
The light angle emitted from the fiber should not be at a greater angle than the 
largest fiber to source angle, this is seen in the simulation results. However due to beam 
spreading and light propagating at greater than the critical angle there is light beyond this 
angle. Reflective properties of the source walls show little effect on the receiving wall, 
when the fiber is aligned to the source.  
The side emitting fiber showed an even distribution of light throughout the 
receiving room. A better coupling between the end-emitting fiber and side-emitting fiber 
would increase the light output from the side-emitting fiber and increase the total 
illuminance in the receiving box.   
 For the end-emitting fiber, the beam profile varied with the source type and with 
the fiber-to-source distance and angle. To obtain a uniform emission profile the fiber-to-
source distance should be kept at a minimum and the source should emit light uniformly to 
the optical fiber. The coated incandescent bulb and the CFL source proved to be the best 
for overall beam uniformity for the system. Both the fluorescent tube and the LED sources 
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showed a higher proportion of flux occurring in a horizontal bar on the receiving wall, due 
to unequal source emission across the fiber. The LED emitted more light from its 90° angle, 
showing a strong directionality for a so-called omni-directional source. The clear 
incandescent bulb however showed the most variance in relation to its beam profile, the 
only way for it to be considered uniform is to have it at a very small distance from the 
filament. The acceptance cone from the fiber exceeds the length of the filament which gives 
the unequal distribution of light from the system. Other ways to improve the beam 
uniformity, at a cost of light transmittance, is to increase the fiber length, or have fiber-to-
source misalignment. The increase in length showed both a beam spread and a higher loss 
from light propagation past the critical angle of the fiber. 
 The previous section focuses on the illumination gathered, emitted, and distributed 
by the ROL system. However, the main purpose of the system is to improve the efficiency 
of the illumination systems. The actual efficiency of this system is beyond the scope of this 
thesis. A larger room, as well as the inclusion of additional optical fibers is needed to 
discuss the viability of the ROL. This thesis has shown that the ROL system will transport 
a small percentage of light into another room for a single fiber at different fiber-to-source 
misalignments and distances. The percentage of light being emitted into the receiving box 
with a single fiber is not comparable to the illuminance in the source box, except for the 
case in which the 0.1143 m long fiber is aligned and the fiber-to-source distance is 
extremely small.  
 As lighting level is associated to tasks being performed in an area, the placement 
of the ROL system can be used to provide additional lighting to areas of a room that need 
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increased lighting. The use of beveled fiber ends in experiment 6 have shown promise in 
order to focus light in the receiving room without adjusting the fiber position or adding 
lenses into the system. Examples areas where this focusing may be needed are bench tops 
or desk tops, which require a much higher illuminance level than the general lighting on 
the walkways.  
 
5.2 Sources of error 
 Many different variables were discussed, during this thesis, for a ROL system. The 
alignment system was one of the main concerns for each experiment. The alignment of the 
fiber was easily knocked out of place and may have affected some of the experimental 
measurements. As the omni-directional sources were considered to emit light equally in 
each direction there were no files to input into LightTools for each of the sources. The use 
of a goniophotometer to accurately measure the intensity at each emission angle was also 
unavailable with the thesis budget. Therefore there was an error in LightTools when the 
sources were modeled using spherical and cylindrical sources with an omnidirectional 
emission. The modeling methods for LightTools were difficult to use so the models created 
for the sources were not exact. However, the program allows for the import from 
SolidWorks if that add-in is purchased, and therefore this error can be eliminated with the 




5.3 Future research and Possible Applications  
A more thorough data analysis for the experimental chamber on illuminance should 
be investigated as only certain areas were taken into account for this experiment. An 
automated measurement of the lux at many different points experimentally would provide 
a better view on how the light is distributed unevenly for different sources.  The luminous 
efficiency for each source needs to be analyzed with different dimming systems for 
additional savings by both power consumption from the source as well as improving the 
source lifespan. As the fiber-to-source distance increases the source does not always fill 
the numerical aperture of the fiber, in which case, multiple smaller fibers may provide a 
better light output assuming they are aligned directly with the light source. Methods for 
even distribution of the light in the whole chamber should be investigated. Efficient 
methods of light collection and transportation from transmitting to receiving chamber need 
further research. The experiments for standard room size and wall size chambers should be 
investigated to make the ROL reality for lighting, a single room to 2 or 3 rooms. It is 
expected that this concept would ultimately help in energy savings for an illumination 
system. 
  The variable of fibers that are bent should be introduced as well. Additionally, the 
ROL system should be analyzed to recycle light into the source room, by bending the fiber 
270° at the corner of the wall and ceiling, additional illumination may be realized in on the 
sides of the room. The use of beveled fibers to focus light should be further analyzed as 
this thesis showed them to be a promising application. Additionally, the use of beveled 
fibers to collect light for misalignments should be considered. 
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 Research is being performed for visual light communications (VLC). VLC provides 
both illuminance in a room as well as a free space optical (FSO) communication system. 
As with all FSO systems, the line of sight from the transmitter to the receiver is extremely 
important in order to maintain a link. The ROL system should be analyzed to see its ability 
to transfer data as well as its ability to supply illumination, extending the range of the VLC 
system. Another possible application for the ROL system may include emergency lighting, 
which requires only a small amount of illuminance in each area. This is just the beginning 
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